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Meiotic resumption is generally under the control of an extracellular maturation-inducing hormone. It is equivalent to the G2–M phase
transition in somatic cell mitosis and is regulated by cyclin B-Cdc2 kinase. However, the complete signaling pathway from the hormone to
cyclin B-Cdc2 is yet unclear in any organism. A model system to analyze meiotic resumption is the starfish oocyte, in which Akt/protein
kinase B (PKB) plays a key mediator in hormonal signaling that leads to cyclin B-Cdc2 activation. Here we show in starfish oocytes that
when PDK1 activity is inhibited by a neutralizing antibody, maturation-inducing hormone fails to induce cyclin B-Cdc2 activation at the
meiotic G2–M phase transition, even though PDK2 activity becomes detectable. These observations assign a novel role to PDK1 for a
hormonal signaling intermediate toward meiotic resumption. They further support that PDK2 is a molecule distinct from PDK1 and Akt, and
that PDK2 activity is not sufficient for the full activation of Akt in the absence of PDK1 activity.
D 2004 Elsevier Inc. All rights reserved.
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During oogenesis in most animals, the cell cycle
arrests twice, at prophase of meiosis I during the growth
period and then at a certain stage after release from the
first arrest to await fertilization (reviewed in Masui,
1985). The release from the first arrest in immature
oocytes, which is called meiotic resumption, is generally0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.08.036
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meiotic resumption is equivalent to the G2–M phase
transition in somatic cell mitosis and is regulated by
cyclin B-Cdc2 kinase (reviewed in Kishimoto, 2003;
Nebreda and Ferby, 2000). In immature oocytes, cyclin
B-Cdc2 is kept inactive through phosphorylation of Cdc2
by Myt1 kinase, while it becomes active at meiotic
resumption through dephosphorylation of the same sites
by Cdc25 phosphatase. Thus the balance between these
opposing activities should be reversed at the meiotic G2–
M phase transition. However, the signaling pathway from
the maturation-inducing hormonal stimulus to the activa-
tion of cyclin B-Cdc2 remains largely unclear in any
organism.
The starfish oocyte is a model system to analyze the
meiotic G2–M phase transition (reviewed in Kishimoto,
2003, 2004). Under the stimulus of the maturation-inducing
hormone 1-methyladenine (1-MeAde) (Kanatani et al.,276 (2004) 330–336
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necessary and sufficient for the activation of cyclin B-Cdc2
at meiotic resumption in starfish oocytes (Okumura et al.,
2002). Akt directly phosphorylates and inhibits Myt1,
resulting in the reversal of the balance between Myt1 and
Cdc25 activities. In this pathway, the activation of Plk1 is
not essential (Okano-Uchida et al., 2003). In the signaling
from 1-MeAde to Akt, a putative surface receptor for the
hormone is coupled to a heterotrimeric Gi-protein (Shilling
et al., 1989), and the released Ghg, which is sufficient to
induce cyclin B-Cdc2 activation (Jaffe et al., 1993), is
suggested to activate phosphatidylinositol-3-OH kinase
(PI3-K) (Sadler and Ruderman, 1998). However, involve-
ment of neither PI3-K nor its most possible downstream
target for Akt activation, 3-phosphoinositide-dependent
kinase-1 (PDK1) (see below), has yet been demonstrated,
even though it is predictable.
Akt/PKB is an important signaling intermediate that is
coupled to the activation of PI3-K (reviewed in Brazil and
Hemmings, 2001; Vanhaesebroeck and Alessi, 2000). Full
activation of Akt is performed through phosphorylation on
both the conserved Thr308 in T-loop and on Ser473 in C-
terminal hydrophobic motif (each corresponds to an amino
acid residue in human Akt) by PDK1 and a putative 3-
phosphoinositide-dependent kinase-2 (PDK2), respectively
(Alessi et al., 1996, 1997; reviewed in Brazil and
Hemmings, 2001; Vanhaesebroeck and Alessi, 2000). The
activation of PI3-K generates the second messenger
phosphatidylinositol 3,4,5-triphosphate (PtdIns(3,4,5)P3,
PIP3), leading to the recruitment of both Akt and PDK1 to
the plasma membrane where the Thr308 residue in Akt
becomes phosphorylated by PDK1. However, in contrast to
PDK1 (the Thr308 kinase), the identity of PDK2 (the
Ser473 kinase) remains unclear. On one view, PDK2
activity has been reported to depend on PDK1; the Ser473
residue is autophosphorylated by Akt that has been
phosphorylated on Thr308 by PDK1 (Toker and Newton,
2000), or is phosphorylated by PDK1 that has been
associated with the C-terminal fragment of PKC-related
kinase-2 (PRK2), termed the PDK1-interacting fragment
(PIF) (Balendran et al., 1999). On another view, integrin-
linked kinase (ILK) (Delcommenne et al., 1998) and MAP
kinase-activated protein kinase-2 (MAPKAPK2) (Alessi et
al., 1996) have the Ser473 kinase activity in vitro. On the
third view, PDK2 has been reported to be an unknown
molecule that is distinct from all of the above candidates
(Hill et al., 2002; Williams et al., 2000). The authentic
Ser473 kinase thus remains elusive.
In the present study, we have investigated the pathway
leading to the activation of Akt in starfish oocytes using
an antibody against starfish PDK1 that neutralizes its
activity. The results indicate that PDK1 is required for
hormonal signaling that leads to the activation of cyclin
B-Cdc2 at meiotic resumption, and further support the
view that PDK2 is distinct from PDK1 and Akt both in
vivo and in vitro.Materials and methods
Oocytes and extracts
Immature oocytes were isolated from the starfish
Asterina pectinifera and treated with 0.1 AM 1-MeAde to
induce meiotic resumption. After excess seawater was
removed, the oocyte pellet was solubilized in 5 vol of a
cold extraction buffer (EB; 0.1% Triton X-100, 1 mM
EDTA, 1 mM EGTA, 50 mM sodium fluoride, 10 mM
sodium h-glycerophosphate, 5 mM sodium pyrophosphate,
1 mM activated sodium orthovanadate, 0.1% 2-mercaptoe-
thanol, 1 AM microcystin LR, 50 mM Tris, pH 7.5) and
immediately frozen in liquid nitrogen. After thawing, the
oocyte suspension was homogenized with a microtip
sonicator and centrifuged at 15,000  g for 20 min at 48C
to recover oocyte extracts. To extract PDK2 activity, the
oocyte (immature or 3 min after 1-MeAde addition) pellet
was lysed by vortex mixing in 2 vol of cold EB, and the
supernatant was recovered after low-speed centrifugation
(15,000 rpm) for 15 min at 48C. To obtain membrane
fraction, the oocyte pellet (400 Al) was Teflon/glass
homogenized at 48C with equal vol of cold EB lacking
Triton X-100. After low-speed centrifugation, the super-
natant was further centrifuged at 150,000  g for 20 min at
48C, and the cytoplasmic extract and the membrane faction
overlaying packed precipitates were recovered, respectively.
cDNA cloning and preparation of recombinant proteins
To isolate partial cDNA clones of Asterina PDK1, total
RNA from immature Asterina oocytes was reverse tran-
scribed using the Marathon cDNA Amplification Kit
(Clontech), and RT-PCR was performed with degenerate
primers derived from highly conserved amino acid sequen-
ces of PDK1. For forward: (Q/L/K)I(T/A)DFG, 5V-
MARMTHRCNGAYTTYGG-3V, and for reverse: KG(E/
N)(I/V)(P/I)W, 5V-GACCANGGDAYYTCNCCYTT-3V.
The 5V and 3V ends of PDK1 were also identified with the
Marathon cDNA Amplification Kit. Full and partial (345
amino acids, Ser77–Phe421) length recombinant starfish
PDK1s were overexpressed in Escherichia coli strain BL21
as His6-tagged protein and purified with His-Bind Resin
(Novagen). His6-tagged, full-length PDK1 was concen-
trated in PBS.
Microinjection
To inhibit PDK1, immature oocytes were microinjected
(Kishimoto, 1986) with affinity-purified anti-PDK1 kinase
domain antibody at a final concentration of 1.65 mg/ml
IgG and 30 min later treated with 0.1 AM 1-MeAde.
Inactive human Akt (Upstate) was dialyzed against
injection buffer (80 mM h-glycerophosphate, 15 mM
MgCl2, 20 mM EGTA, 10% sucrose, 0.1% NP-40) and
then microinjected into immature oocytes at 50 pg/oocyte.
D. Hiraoka et al. / Developmental Biology 276 (2004) 330–336332For immunoblots, 15 microinjected oocytes were mixed
with 2 concentration of SDS-PAGE sample buffer and
boiled for 5 min.
Antibodies, immunoblots, immunoprecipitation, and
immunodepletion
An anti-Asterina PDK1-C-terminus rabbit polyclonal
antibody was raised against a KLH-conjugated synthetic
peptide of the 18 C-terminal amino acids. An anti-Asterina
PDK1-kinase domain rabbit polyclonal antibody was raised
against a recombinantly generated His6-tagged polypeptide
of 345 amino acids (Ser77–Phe421) including the kinase
domain. These anti-PDK1 antibodies were affinity-purified
with the respective antigen. Microinjected human Akt was
detected with an anti-Akt1-PH-domain polyclonal antibody
(Upstate). Phosphorylation of human Akt was detected with
anti-phospho-Akt (Thr308 or Ser473) polyclonal antibodies
(Cell Signaling). Secondary antibodies for immunoblots
were alkaline-phosphatase-conjugated anti-rabbit IgG
(Dakopatts), peroxidase-conjugated anti-rabbit IgG (Amer-
sham), or anti-sheep IgG (Sigma). For immunoprecipitation
of PDK1, 10 Al of oocyte extracts was added to 5 Al of
Protein G Sepharose 4B (Sigma) that had been pre-adsorbed
to the anti-Asterina PDK1-C-terminus or -kinase domain
antibody, and then incubated at 48C for 60 min. After
centrifugation, the Sepharose beads were recovered and
washed three times with 500 Al of EB, then twice with 50 Al
of 1 PDK1 Assay Dilution Buffer (Upstate). The 5-AlFig. 1. Deduced amino acid sequence of starfish PDK1 and its alignment with huma
EMBL/GenBank databases under accession No.AB110536. The large box indic
indicates the C-terminal PH domain (Phe469–Gln566 in sf PDK1), respectively
shaded, and gaps introduced for optimal alignment are indicated by dashes, usingpellet of Sepharose beads was used for PDK1 kinase assay
or immunoblots. For immunodepletion of PDK1 or Akt, 25
Al of oocyte extracts was incubated with 10 Al of Protein G
Sepharose 4B that had been pre-adsorbed to the anti-
Asterina PDK1-C-terminus or the anti-Asterina Akt-C-
terminus (Okumura et al., 2002) antibody at 48C for 30
min. The supernatant was recovered and processed for the
assay of PDK2 activity.
In vitro kinase assay of PDK1 and PDK2
After immunoprecipitation with the anti-Asterina PDK1-
C-terminus antibody, the activity of starfish PDK1 for
inactive human SGK1 (D1–60, S422D) was measured using
a 6-min incubation with the PDK1 kinase assay kit
(Upstate). The activity of starfish PDK1 for inactive human
Akt was measured according to manufacturer’s protocol
(Upstate). Briefly, the anti-Asterina PDK1 immunoprecipi-
tates were incubated with inactive human Akt, 10 AM of
PI(3,4,5)P3 (Biomol) mixed with 100 AM each of phospha-
tidylcholine and phosphatidylserine (Avanti Polar Lipids),
and 0.0185 kBq/ml [32P]ATP for 10 min at 258C. The
reaction was terminated by adding 4 concentration of
SDS-PAGE sample buffer containing 50 mM EDTA.
Phosphorylation of human Akt or SGK1 was detected by
autoradiography. Alternatively, His6-tagged full-length
recombinant starfish PDK1 was used in some experiments
at a final concentration of 0.16 mg/ml in reaction mixture and
its activity was detected by immunoblot with the anti-n PDK1. The starfish (sf ) PDK1 sequence has been submitted to the DDBJ/
ates the kinase domain (Asp116–Glu378 in sf PDK1), and the small box
. Identical amino acids with human PDK1 (accession No.NP002604) are
the DNASIS software.
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Fig. 2. PDK1 is required for meiotic G2–M phase transition in starfish
oocytes. (A) PDK1 activity remains constant at meiotic reinitiation. (B) The
anti-kinase domain antibody inhibits PDK1 activity in vitro. Immunopre-
cipitates of PDK1 with the anti-C-terminus antibody (A and B) or the anti-
kinase domain antibody (B) from immature (A and B) and 1-MeAde-treated
(A) starfish oocytes were incubated with 32P-ATP and human SGK1 (A) or
human Akt (A and B) in the presence or absence of PIP3. The assay mixture
was analyzed by autoradiography (hSGK1 and hAkt) and by immunoblot-
ting with the anti-starfish PDK1-C-terminus antibody (sfPDK1). (C and D)
The anti-PDK1 kinase domain antibody inhibits the activation of cyclin B-
Cdc2 and the reinitiation of meiosis. After microinjection of the anti-kinase
domain antibody into immature oocytes, 1-MeAde was added and then
GVBD was scored (C, circles) or Cdc2 was analyzed by immunoblotting
(D). Triangles indicate control IgG injection and squares uninjected control
(C). The top panel shows immunoblots with anti-phospho-Cdc2-Tyr15
(pY15) and bottom panel with anti-PSTAIR (Cdc2) antibodies (D).
Fig. 3. The PDK2 site on Akt is phosphorylated in vivo independent of
phosphorylation of the PDK1 site. (A) Human Akt (hAkt) is phosphory-
lated in starfish oocytes after 1-MeAde addition. The inactive form of hAkt
was injected into immature oocytes and then its phosphorylation after 1-
MeAde addition was monitored by immunoblotting. Top panel shows
immunoblots stained with anti-phospho-Thr308; middle, anti-phospho-
Ser473; bottom, anti-hAkt-PH domain. (B) Phosphorylation of Ser473, but
not of Thr308, on hAkt occurs after 1-MeAde addition in PDK1-inhibited
oocytes. The anti-PDK1 kinase domain antibody and hAkt were co-injected
into immature oocytes. Ten minutes after 1-MeAde addition, oocytes were
processed for immunoblotting of hAkt with anti-phospho-Thr308 (top),
anti-phospho-Ser473 (middle), and anti-hAkt-PH domain (bottom). Note
that in oocytes in which PDK1 activity was suppressed, GVBD did not
occur even when phosphorylation of Ser473 was induced by 1-MeAde
addition. An arrowhead indicates the control phosphorylation of Thr308 on
Akt. Asterisks indicate the signal derived from injected IgG.
D. Hiraoka et al. / Developmental Biology 276 (2004) 330–336 333phospho-Akt (Thr308) antibody. For assay of PDK2 activity,
each sample was incubated with final concentration of 20
mM MgCl2, 2 mM ATP, 6.25 ng/Al inactive human Akt, and
if necessary, the lipid mixture as described above at 268C for
each duration. The reaction was terminated by adding 10 vol
of 1 concentration of SDS-PAGE sample buffer containing
50 mM EDTA. PDK2 activity was detected by immunoblot
with the anti-phospho-Akt (Ser473) antibody.Results and discussion
PDK1 is required for maturation-inducing hormonal
signaling
To investigate the pathway leading to the activation of
Akt in starfish oocytes, we have isolated the cDNA for the
starfish homolog of PDK1 (Fig. 1). Asterina PDK1 (DDBJ/
EMBL/GenBank accession number,AB110536) was
encoded by a polypeptide of 571 amino acids with the
predicted molecular weight of 65.2 kDa. It shared with
human PDK1 overall identity of 62%, and 75% identity in
each of kinase domain and C-terminal PH domain.
We have then raised two kinds of antibodies, against
C-terminal peptide of starfish PDK1 and against its
kinase domain. Immunoprecipitates with the C-terminal
antibody recovered similar levels of PDK1 protein from
extracts of immature and hormone-treated maturing
oocytes, though phosphorylation of PDK1 appeared to
occur after meiotic resumption (Fig. 2A, bottom). These
anti-C-terminal immunoprecipitates phosphorylated
human Akt or human SGK1 in the presence or absence
of PIP3, respectively, almost equally (Fig. 2A, upper).
Thus, PDK1 is already present and active in immature
D. Hiraoka et al. / Developmental Biology 276 (2004) 330–336334oocytes, and shows no significant changes in either its
protein level or its activity at the meiotic G2–M phase
transition.
In contrast, immunoprecipitates with the antibody
against the kinase domain showed no Akt-phosphorylat-
ing activity even though they recovered PDK1 protein
(Fig. 2B). This observation indicates that the anti-kinase
domain antibody neutralizes PDK1 activity at least in
vitro. Such an inhibitory effect of this antibody on PDK1
activity was confirmed in vivo as well (see below, Fig.
3B). We then monitored the response to hormone
addition of oocytes in which PDK1 activity was inhibited
(Fig. 2C). Meiotic resumption, which was manifested by
germinal vesicle breakdown (GVBD), was completelyFig. 4. PDK2 activity is detectable in starfish oocyte extracts in the absence of PD
from immature and hormone-treated starfish oocytes. Extracts from 1-MeAde-
centrifugation and assayed for the Ser473 kinase activity on human Akt in the pr
detected with anti-phospho-Ser473 antibody. (B) PDK2 activity is detectable inde
immature oocytes were assayed for the Ser473 and the Thr308 kinase activities o
starfish PDK1 was added to human Akt in the presence of PIP3. Phosphorylation
PDK2 activity is associated with membrane faction. After ultracentrifugation of th
membrane fraction (M) overlaying the pellet was recovered and assayed for the S
marker of membrane. (D and E) PDK2 activity is detectable after immunode
immunodepleted from low-speed supernatants from 1-MeAde-treated oocytes (sim
then assayed for Ser473 kinase activity on human Akt. Each left panel shows th
Ser473 phosphorylation assay was performed in the absence of PIP3, PDK1 ac
extracts.prevented, while control IgG or the antibody preabsorbed
by the antigen (data not shown) had no effect.
Consistently, no Tyr dephosphorylation was observed in
Cdc2, indicating no activation of cyclin B-Cdc2 (Fig.
2D). Thus, PDK1 activity is required for the meiotic G2–
M phase transition. Formally, not only Akt but also
various kinases including p90Rsk (Jensen et al., 1999)
are thought to be activated downstream of PDK1. At
meiotic resumption in starfish oocytes, however, the
activation of Akt is necessary and sufficient for cyclin
B-Cdc2 activation, after which p90Rsk is activated
(Okumura et al., 2002). The requirement for PDK1 is
thus most likely to be ascribed simply to the activation of
Akt.K1 and Akt. (A) Similar levels of PDK2 activity are detectable in extracts
untreated (immature) or -treated oocytes were recovered after low-speed
esence (+) or absence () of PIP3. Phosphorylation of Ser473 (pS473) was
pendent of phosphorylation on the PDK1 site. The low-speed extracts from
n human Akt in the absence of PIP3. As a control, full-length recombinant
of Thr308 (pT308) was detected with anti-phospho-Thr308 antibody. (C)
e low-speed supernatant (W), each of soluble cytoplasmic fraction (C) and
473-phosphorylating activity. Immunoblots of Myt1 (left) were shown as a
pletion of PDK1 or Akt. Either endogenous PDK1 (D) or Akt (E) was
ilar data were obtained from untreated immature oocytes). The extracts were
e levels of immunodepletion of PDK1 and Akt, respectively. Because the
tivity (Thr308 phosphorylation) was undetectable even in mock-depleted
Fig. 5. A model for the hormonal signaling pathway that leads to cyclin B-Cdc2 activation at meiotic resumption in starfish oocytes. (A) In immature starfish
oocytes, PDK1 and PDK2 might be present as an active form in cytoplasm and associated with plasma membrane, respectively. But they cannot phosphorylate
Akt due to the lack of occasion to meet each other. (B) Upon binding of 1-MeAde to its putative surface receptor that is coupled to a heterotrimeric G-protein,
the released Ghg might activate PI3-K to produce PIP3, thus providing an occasion in which PDK1 (the Thr315 kinase), PDK2 (the Ser477 kinase), and Akt
meet each other mainly through PIP3–PH domain interaction. As a result, the phosphorylated and activated Akt reverses the balance between opposing Cdc25
and Myt1 activities to cause the activation of cyclin B-Cdc2.
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To identify endogenous PDK2 activity in starfish oocytes,
we have developed an assay system using human Akt. When
immature starfish oocytes were injected with the inactive
form of human Akt, phosphorylation on both Thr308 and
Ser473 of the injected protein was undetectable; when the
maturation-inducing hormone was added, phosphorylation of
human Akt became detectable (Fig. 3A), with the same time
course as seen for endogenous starfish Akt (see Fig. 3b in
Okumura et al., 2002). Thus, the exogenously introduced
human Akt provides a measure of the endogenous activities
of not only PDK1 but also PDK2 in starfish oocytes.
Consistent with the presence of PH domains in PDK1 and
Akt, PDK1 activity for Akt is detectable in vivo only after
hormone addition, even though PDK1 is already active in
immature oocytes (see Fig. 2A).
We then injected the anti-kinase domain antibody of
starfish PDK1 together with the inactive human Akt into
immature oocytes. Following hormone addition, phosphor-
ylation on Thr308 in human Akt was undetectable (Fig. 3B),
indicating that the anti-kinase domain antibody can inhibit
PDK1 activity in vivo as well in vitro. In contrast,
phosphorylation on Ser473 in human Akt became detectable
even in the absence of that of Thr308 (Fig. 3B), excluding
the possibility of nonspecific deleterious effect of the anti-
kinase domain antibody. Our observation that even GVBD
did not occur though the PDK2 site was phosphorylated
suggests that in the absence of phosphorylation on the
PDK1 site, phosphorylation on the PDK2 site is not
sufficient for the full activation of Akt. It is thus most
likely that the PDK2 site in Akt can be phosphorylated
independently of PDK1 and Akt activities in vivo.
To confirm the above observations in vivo, we have tried
to extract PDK2 activity from starfish oocytes. Extracts of
immature and hormone-treated (3 min after 1-MeAde)
oocytes showed similar levels of phosphorylating activity
on Ser473 of human Akt both in the presence and absence ofPIP3 (Fig. 4A), indicating that the Ser473 kinase activity is
present in starfish oocyte extracts independently of hormonal
stimulus. Consistent with in vivo observation, phosphoryla-
tion on Ser473 occurred in the absence of that on Thr 308
(Fig. 4B). After ultracentrifugation, the Ser473 kinase
activity co-precipitated with Myt1 (see Terasaki et al.,
2003) into membrane fraction (Fig. 4C). The membrane
association of the Ser473 kinase activity is consistent with an
observation that wortmannin treatment of starfish oocytes,
which should prevent PI3-K activity and the possible
recruitment of Akt to the plasma membrane, inhibited
phosphorylation of Akt both on Thr308 and Ser473 after
1-MeAde addition (data not shown). The Ser473 kinase
activity was still detectable after immunodepletion of either
endogenous PDK1 or Akt from oocyte extracts (Figs. 4D and
E). It is thus most likely that in starfish oocytes, PDK2 is
present as a membrane-associated molecule that is distinct
from PDK1 and Akt, and can phosphorylate Ser473 of Akt
independently of phosphorylation on Thr308. These obser-
vations favor the third view in human cells that PDK2 is a
membrane-associated unknown molecule (Hill et al., 2002)
and membrane localization of Akt is a primary determinant
of Ser473 phosphorylation (Scheid et al., 2002).
In conclusion, these data are, so far as we know, the first
indication of a requirement for PDK1 both in the matura-
tion-inducing hormonal action and in the signaling pathway
leading to cyclin B-Cdc2 activation (Fig. 5). Further, the
starfish oocyte system might provide a clue for identifying
the PDK2 molecule that is distinct from PDK1 and Akt.Acknowledgments
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